This study was undertaken to determine the effect, if any, of treatment for cancer diagnosed during childhood or adolescence on fertility.
INTRODUCTION
The treatment of children and adolescents who have cancer has become increasingly successful. Approximately 78% of all patients diagnosed before 15 years of age will survive for 5 years. 1 The majority are expected to survive for many years after diagnosis.
The treatment that these patients receive may affect germ cell survival. Ovarian damage results in both sterilization and loss of hormone production. High-dose radiation to the hypothalamic-pituitary axis can produce secondary hypogonadism as a result of gonadotropin deficiency. 2 There are limited epidemiologic data that assess fertility in exposed populations. Byrne et al 3 evaluated the fertility of 2,283 childhood cancer survivors diagnosed between 1945 and 1975, excluding women who had never married; who married before their diagnosis of cancer; who became pregnant before their first marriage; who had never menstruated; or who had undergone sterilizing surgery. The adjusted relative fertility of female survivors was 0.93 (95% CI, 0.83 to 1.04). The absence of a significant difference in the relative fertility for female survivors in that report may be partly explained by the exclusion criteria employed and/or the exposure of few of those studied to potentially gonadal toxic therapy. 3 This study was undertaken to evaluate fertility in the female participants in the Childhood Cancer Survivor Study (CCSS) and to determine risk factors for decreased fertility.
PATIENTS AND METHODS
A cohort of 20,720 previously untreated patients who were younger than 21 years of age at diagnosis, who survived for at least 5 years after the date of diagnosis, and who were diagnosed with an eligible cancer between January 1, 1970 
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and December 31, 1986, was identified at the 26 participating institutions of the CCSS (Fig 1) . The study design, cohort characteristics, and baseline data collection are presented in detail elsewhere. Age at pregnancy, marital status, educational level, and smoking status were self reported. 4 The CCSS collected data for all surgical procedures performed for cancer treatment. In addition, participants and siblings were asked about additional surgical procedures performed and the methods employed for contraception, including tubal ligation and vasectomy. Those participants or their partners who underwent an operation that resulted in sterilization (eg, tubal ligation, hysterectomy, vasectomy) were classified as surgically sterile as a result of contraceptive or noncontraceptive reasons and were excluded from this analysis. 5 On the basis of these definitions, 516 female CCSS participants and/or their partners who were age 15 to 44 years at follow-up were categorized as surgically sterile (contraceptive reasons, n ϭ 474; noncontraceptive reasons, n ϭ 42). This analysis focused on the 5,149 female survivors who were not surgically sterile (Fig 1) .
Permission was requested from a random sample of the cohort to contact their nearest-age siblings. 4 Three thousand forty eight (80.5%) participated among 4,782 eligible siblings, of whom 1,441 were women between the ages of 15 to 44 years who were not surgically sterile. These siblings were used as controls for comparisons to survivors in the CCSS cohort. Two hundred ninety-four female siblings of CCSS participants and/or their partners who were age 15 to 44 years at follow-up were categorized as surgically sterile (contraceptive reasons, n ϭ 288; noncontraceptive reasons, n ϭ 6).
This study was approved by the institutional review board at each participating institution, and informed consent for participation was obtained from all participants who were 18 years of age or older, or from their parents if the participants were younger than 18 years of age.
Exposure Assessment
Detailed data regarding the chemotherapeutic agents administered to the patient for treatment of the original cancer; any recurrences of the cancer; the cumulative dose of drug administered for several drugs of interest; and the doses, volumes, and dates of administration of all radiation therapy were recorded on the Medical Record Abstract Form for 12,492 of those who completed the baseline questionnaire.
The cumulative doses of a number of chemotherapeutic agents were obtained. The distribution of cumulative doses for each of the agents was divided into tertiles (Table 1) . Among patients exposed to an alkylating agent, the alkylating agent dose (AAD) score was calculated by adding the tertile score (1, 2, or 3) for each of the alkylating agents given to a particular patient. 6 An AAD score of 0 was assigned to nonexposed patients.
Radiation doses to the ovaries, uterus, and hypothalamus/pituitary 7 were estimated for each patient by reviewing and abstracting details of the radiation therapy from records submitted by the treating institutions. For organs in a beam, standard radiotherapy depth dose data were used to estimate dose. For organs outside a treatment beam, measurements in a water phantom were applied to a three-dimensional mathematical phantom that simulated the size and shape of patients of various ages. Any field blocking used during treatment was accounted for in estimating doses. Details of the dosimetry methods were described by Stovall et al. 8, 9 
Statistical Methods
Cox proportional hazard models that used age as the time scale were used to compare hazards of a pregnancy, as previously described by Yasui et al. 10 Participants entered the risk set for regression analyses at the age at which they entered the CCSS cohort (ie, 5 years after date of diagnosis of primary cancer) or at age 15 years, whichever was older, and were observed until the minimum age of first pregnancy, death, completion of baseline questionnaire, or age of 44 years, whichever came first. To create a similar age-based follow-up period, siblings were assigned a pseudo-diagnosis date that corresponded to the age of their survivor sibling at diagnosis of their primary cancer, and identical methods were used to define their time-to-event variables. Within-family correlation was accounted for with the use of sandwich standard-error estimates. Multiple-imputation methodology for event-time imputations 12 ,13 was employed for those who reported one or more pregnancies but who did not report age at first pregnancy. Age at first pregnancy was available for 81.0% (1,111 of 1,372) of survivors and for 86.6% (479 of 553) of siblings, and the age was imputed for the remaining 19.0% (261 of 1,372) of female survivors and for the remaining 13.4% (74 of 553) of female siblings. Analyses of treatment (exposure) variables were restricted to those female survivors for whom medical record abstraction was completed (n ϭ 4,317), whereas those analyses that required only demographic data (eg, age at questionnaire, diagnosis) included all women age 15 to 44 years who had completed the baseline questionnaire.
Two sets of models were evaluated. The first compared fertility for survivors versus siblings and controlled for education level, marital status, age at diagnosis (or age at pseudo-diagnosis), ethnicity, and smoking status. A second set of models, among survivors only, evaluated the impact of treatment variables and adjusted for the same variables as the first set. Candidate treatment variables that were evaluated included summed AAD score, ovarian/uterine radiation dose, hypothalamic/pituitary radiation dose, and the following individual chemotherapy agents: dactinomycin, carmustine (BCNU), lomustine (CCNU), cyclophosphamide, cisplatin, cytarabine, daunorubicin, doxorubicin, dacarbazine (DTIC), nitrogen mustard, procarbazine, vinblastine, vincristine, teniposide (VM26), etoposide (VP16), thiotepa, ifosfamide, and melphalan. Univariate and multivariate analyses were carried out, and final treatment variables that were included in the multivariate model were significant at the .05 level or were those that markedly influenced (Ͼ 10% change) the effect of another factor in the model (ie, a confounder). Two separate, multivariate models were fit to evaluate the impact of separate chemotherapy agents and combined alkylating agents by using the previously described AAD score. Interactive effects between the two radiation volumes (ie, ovary/uterus and hypothalamus/pituitary) were evaluated to the extent possible, and they were not significant. Cut points for radiation categories were selected on the basis of both biologic plausibility 2,14-19 and statistical separation of groups. The referent group for ovarian/uterine radiation was selected to include those with Յ 2.5 Gy and no radiation exposure to this region. Similarly, for the hypothalamic/pituitary radiation, the referent group consisted of those without radiation exposure to this region and those with Յ 10 Gy exposure.
RESULTS
Six thousand six hundred forty-three women returned a baseline questionnaire, 5,149 of whom were between the ages of 15 and 44 years at the time of completion of the questionnaire and were not surgically sterile. One thousand three hundred seventy-two women indicated that they had ever been pregnant 5 or more years after the date of the primary cancer diagnosis.
The CCSS participants were younger (P Ͻ .001), more likely to be of minority ethnicity (P Ͻ .001), less likely to have a bachelor's degree or higher (P Ͻ .001), more likely to have never been married (P Ͻ .001), and more likely to have never smoked (P Ͻ .001) than the sibling cohort ( Table 2 ). The distributions listed in Table 3 are those of calculated, organ-specific radiation exposure to each ovary, uterus, ovaries/uterus combination, and hypothalamus/pituitary.
When analysis was adjusted for age at diagnosis, marital status, educational attainment, ethnicity, and smoking status, the relative risk (RR) of a survivor ever being pregnant was 0.81 (95% CI, 0.73 to 0.90; P Ͻ .001), compared with the sibling cohort. Multivariate models among survivors were developed (Table 4) . A dose-response relationship was present for decreased risk of pregnancy with increasing dose of ovarian/uterine radiation. The RR of pregnancy was 0.56 (95% CI, 0.37 to 0.85) for exposure of 5 to 10 Gy and was 0.18 (95% CI, 0.13 to 0.26) for exposure of greater than 10 Gy to the ovaries/uterus ( Table  4 ). The risk of pregnancy was decreased for hypothalamic/pituitary doses greater than 30 Gy (RR, 0.61; 95% CI, 0.44 to 0.83). In the multivariate model that assessed the summed AAD score, a score of three (RR, 0.72; 95% CI, 0.58 to 0.90; P ϭ .003) or four (RR, 0.65; 95% CI, 0.45 to 0.96; P ϭ .03) was associated with lower observed risk of pregnancy compared with those who had no alkylating agent exposure. Increasing AAD score was statistically significantly associated with the risk of not having been pregnant (P ϭ .004). Multivariate models that evaluated individual chemotherapeutic agents demonstrated lower risk of pregnancy for those who were treated with CCNU (RR, 0.44; 95% CI, 0.24 to 0.80; P ϭ .008) or cyclophosphamide (RR, 0.8; 95% CI, 0.68 to 0.93; P ϭ .005). The impacts of these single drugs were dose related, and fertility decreased with increasing dose (CCNU first tertile RR, 0.76; 95% CI, 0.30 to 1.93; P ϭ .57; CCNU second or third tertile RR, 0.31; 95% CI, 0.11 to 0.88; P ϭ .028; cyclophosphamide first tertile RR, 0.83; 95% CI, 0.65 to 1.06; P ϭ .13; cyclophosphamide second tertile RR, 1.06; 95% CI, 0.84 to 1.33; P ϭ .63; cyclophosphamide third tertile RR, 0.72; 95% CI, 0.58 to 0.90; P ϭ .003). Although both were statistically significant in univariate analyses, neither oophoropexy nor treatment with nitrogen mustard, cytarabine, cisplatin, procarbazine, vinblastine, VM26, or VP16 remained significant in the multivariate models. In both multivariate models, treatment that included doxorubicin was associated with a statistically significant increased risk of pregnancy (RR, 1.21; 95% CI, 1.01 to 1.45; and RR, 1.22; 95% CI, 1.04 to 1.45). The models yielded qualitatively identical results whether constructed with or without inclusion of those participants for whom age at first pregnancy was imputed.
DISCUSSION
We undertook these analyses to determine the demographic and treatment factors that predicted the likelihood of pregnancy among female long-term survivors of childhood cancer. Overall, female survivors among the CCSS cohort were less likely to become pregnant compared with the participants in the sibling cohort. In contrast to previously published analyses, 3 women with ovarian failure produced by either ovarian irradiation or specific chemotherapeutic exposures were included in our analyses, which thus provided a truer picture of overall fertility among long-term survivors. Those who had completed less than a high school education, were African American, were married, or were in the youngest age group at diagnosis were more likely to have become pregnant. The findings with regard to marital status, ethnicity, and educational attainment reflected general population trends. 5 Those in the youngest age group at diagnosis (ie, 0 to 4 years) had an increased risk of pregnancy, which possibly reflected the greater number of ova present. 20, 21 In our treatment models, a hypothalamic/pituitary radiation dose greater than 30 Gy or an ovarian/uterine radiation dose greater than 5 Gy was a significant risk factor among female survivors for not having a pregnancy. Previous studies reported an increased risk of ovarian failure after whole-abdomen [22] [23] [24] or craniospinal irradiation 25,26 during childhood. Direct irradiation of the hypothalamus and/or pituitary may produce impaired secretion of folliclestimulating hormone (FSH) and luteinizing hormone (LH), especially when the dose is greater than 35 Gy.
2, [16] [17] [18] [19] Lower-dose exposures (18 to 24 Gy), such as those employed for prophylactic cranial irradiation of children with acute lymphoblastic leukemia (ALL), did not appear to produce major abnormalities in FSH or LH release to luteinizing hormone-releasing hormone 27 or in 12-hour urinary excretion of FSH and LH, 28 although Bath et al 29 reported that LH excretion was decreased in patients with ALL compared with controls.
Abdominal radiation may damage the ovaries and/or uterus. Stillman et al 30 reported ovarian failure in none of 34 women who received abdominal irradiation to a volume that did not include both ovaries, in 14% of 35 women whose ovaries were at the edge of the abdominal treatment volume, and in 68% of 25 women whose ovaries were entirely within the treatment volume. Chemaitilly et al 14 demonstrated that ovarian doses greater than 10 Gy were associated with a high risk of acute ovarian failure among female CCSS participants.
14 Lower doses rarely produced sterilization. 15 Critchley et al 31, 32 reported that uterine length was significantly less, endometrial thickness did not increase in response to hormone replacement therapy, and blood flow was undetectable in women after abdominal irradiation. Similar changes were reported after total-body irradiation.
33,34
Ovarian function may be impaired after treatment with chemotherapy that includes an alkylating agent (eg, nitrogen mustard, procarbazine, chlorambucil, and cyclophosphamide).
14,35-43 Six cycles of the combination of nitrogen mustard, vincristine, procarbazine, and prednisone, as originally reported by DeVita et al, 44 exposes a patient to 8,400 mg/m 2 (1,400 mg/m 2 /d ϫ 14 days ϫ six courses) of procarbazine and 72 mg/m 2 (12 mg/m 2 /wk ϫ 2 weeks ϫ six courses) of nitrogen mustard and has an AAD score of six ( Table 1 ). The risk of ovarian failure appeared to be directly correlated with cumulative dose but inversely correlated with age at exposure. 40, 43 Cumulative cyclophosphamide doses used in contemporary regimens for Hodgkin's disease (3. This study demonstrated a statistically significant reduction in the likelihood of pregnancy to be associated with ovarian/uterine radiation in a dose-dependent fashion. Moreover, we found that alkylating agent exposure was independently associated with reduced risk of pregnancy in a dose-dependent manner. Chiarelli et al 47 did not demonstrate a significant reduction in fertility among childhood cancer survivors who were treated with abdominal-pelvic irradiation and/or alkylating agents. Byrne et al 48 reported that the unadjusted fertility rate for female survivors of ALL was significantly lower than that of their siblings, but they were unable to demonstrate an effect of treatment with an alkylating agent or spinal irradiation on the fertility rates. Unexpectedly, the risk of pregnancy was increased among those who had been treated with doxorubicin, independent of exposure to other potentially sterilizing modalities. There is no known mechanism whereby doxorubicin may enhance fertility; therefore, we consider this a spurious association.
This study has a number of strengths. The CCSS is the largest, most thoroughly characterized cohort of survivors of cancer diagnosed during childhood or adolescence, and it utilizes a sibling comparison group. Thus, important questions regarding the frequency of outcomes that may be modified by treatment exposures, as well as the relationship of these exposures to significant, though uncommon, late events, can be evaluated with substantial statistical power.
There are certain limitations that must be taken into account when interpreting this data. The participants were ascertained retrospectively; 15% of the eligible participants were lost to follow-up, and 16% declined participation. Participants, however, did not differ from nonparticipants with regard to demographics or cancer characteristics. 4 Radiation dosimetry was estimated by using the paper records supplied by the participating institutions without review of port films.
The CCSS utilized self-administered questionnaires for ascertainment of outcomes. In the general population, the frequency of pregnancies is under-reported by women, as approximately 22% of pregnancies detected by a transient increase in the serum level of human chorionic gonadotropin are not recognized clinically. 49 Information relating to adjustment variables (eg, smoking, education) should be considered surrogate measures, because they are derived from a single point in time (ie, at baseline questionnaire). Thus, these factors do not directly measure their influence over time.
We did not evaluate fertility in light of personal choices regarding pregnancy. Women may have chosen not to attempt pregnancy on the basis of concerns that they might transmit a trait that would predispose their children to cancer, concerns that they thought or were told that they are or might be infertile, or concerns that their appearance, sexual preference, socioeconomic status, or neurocognitive function interfered with their abilities to form or maintain an intimate heterosexual relationship. [50] [51] [52] Some of these factors may be related to the therapeutic exposures considered in this analysis. We cannot determine how these factors may have confounded the results of this study.
We have demonstrated that fertility is impaired in female childhood cancer survivors, and we have provided treatment-specific and dose-specific risk estimates. Women age 15 to 44 years who received a hypothalamic/pituitary radiation dose greater than 30 Gy; an ovarian/ uterine radiation dose greater than 5 Gy; or CCNU, cyclophosphamide, or any AAD summed score of three or four were less likely to ever become pregnant. These data may be utilized to counsel patients and their parents before initiation of treatment and to identify those at exceptionally high risk for impaired fertility who may benefit from assisted reproduction techniques.
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